The synthesis of copper, gold, nickel, palladium, platinum, and iron complexes with open chain tetra-N-heterocyclic carbene (NHC) ligands via transmetalation using silver NHC complexes is presented. The obtained complexes show differing coordination geometries depending on both ligand structure and metal. While the complexes of the coinage metals form di-or tetranuclear structures, the group 10 metal complexes exhibit a distorted square planar coordination geometry at the metal centers. In the case of iron an enhanced flexibility of the ligand -caused by a longer alkyl bridge -leads to octahedral complexes with a sawhorse-type coordination by the tetracarbene ligand and two cis acetonitrile ligands. To the best of our knowledge, this is the first known example of a tetracarbene ligand in sawhorse-type coordination within an octahedral coordination sphere. The remaining cis-labile sites are prone to exchange reactions as shown by addition of trimethylphosphine.
Introduction
During the past 20 years, the detailed examination of N-heterocyclic carbenes as ligands for transition metals unveiled a very rich coordination chemistry with an increasing variety of applications, [1] [2] [3] [4] [5] including homogeneous catalysis, [6] [7] [8] [9] medicinal chemistry, [10] [11] [12] and photoluminescent materials. 13 Polydentate NHC ligands were found to stabilize high-valent iron species, which appeared to act as intermediates in catalytic oxidations and aziridations. [14] [15] [16] [17] [18] [19] [20] Only few examples for tetra-NHC ligand motifs are known to date. They exhibit either macrocyclic or acyclic structures. Depending on the linkage of the NHC subunits, macrocyclic tetra-NHC ligands are able to chelate metal ions with coordination numbers of four or higher. 19, [21] [22] [23] [24] [25] [26] [27] [28] [29] In case of rigid and bulky linkers like arene units, only coinage metal complexes are known. [30] [31] [32] Acyclic tetra-NHC ligands were limited to rigid, substituted arene entities, which are unable to chelate single metal ions. [33] [34] [35] [36] Therefore, reports on mononuclear metal complexes with tetra-NHC ligands are limited to macrocyclic systems. [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] 37 In addition, the accessible coordination modes for tetra-NHC ligands are limited, as they coordinate generally in an equatorial fashion, with the only exceptions being a tetrahedral Co II complex and a trigonal prismatic Fe IV tetrazene complex. 20, 23 To overcome the structural rigidity that is responsible for this limitation, two open chain tetra-NHC ligands L1 and L2 with alkyl linkers of different lengths have been reported by our group together with the respective silver(I) complexes 1 and 2 ( Fig. 1 ). 38 In this work the use of 1 and 2 as versatile transmetalation agents is demonstrated to access a range of d-block metal complexes. By utilizing a flexible ligand structure, new coordination modes of tetra-NHC complexes are targeted. Single crystal X-ray diffraction in combination with NMR spectroscopy is used for the identification of coordination geometries in both solid state and solution.
Results and discussion

Transmetalation to coinage metals
In analogy to previous studies, 30, 33, 34 transmetalation reactions to Cu(I) and Au(I) starting from silver tetra-NHC complexes 1 and 2 were performed with Cu I Cl or Au I (SMe 2 )Cl as precursors, respectively (Scheme 1). While copper(I) complex 3 has to be handled under inert conditions, gold(I) complex 4 shows high stability towards air and moisture. Both complexes were obtained as colorless solids in high yields. ESI-MS data for 4 confirms the dimeric, tetranuclear structure with m/z = 1894.60. In analogy to 1, 38 variable temperature (VT) 1 H NMR spectra of coinage metal complexes 3 and 4 reveal the existence of different conformers in solution (see Fig. S3 and S6 in the ESI †). For complex 3, an elevation of the temperature from −40°C to 0°C results in peak broadening, while a further increase in temperature to 70°C leads to sharp signals. This indicates fast interconversion of the conformers which no longer can be resolved on an NMR time scale. In case of 4, VT NMR experiments yield similar results (compare ESI †); however the conformations are frozen already at room temperature compared to −40°C for 3. Again, elevation of the temperature to up to 75°C leads to a broadening and a subsequent peak sharpening. In addition, all expected signal sets for terminal methyl groups, methylene bridges, and imidazolium backbone protons are observed for complexes 3 and 4. These findings are supported by 13 C NMR spectra recorded at 70°C, which feature similar broad signals for 1 and 3-4 (ESI †). Due to the broadness of the peaks and the low intensity of carbene-carbons, not all expected signals are detected. Single crystal X-ray diffraction of 3 confirmed the dimeric, tetranuclear structure in solid state, which is in accord with silver complex 1. Two additional solvent molecules are coordinated to Cu2 and Cu3, resulting from the crystallization of 3 from an acetonitrile solution (Fig. 2) . The coordinated solvent molecules can be removed under high vacuum. The acetonitrile ligands are coordinated to the inner copper ions Cu2 and Cu3 which were found to be triply-coordinated with C-Cu-C angles of 137°and C-Cu-N angles of 112°. The outer copper ions Cu1 and Cu4 are coordinated almost linearly. The Cu1-Cu2-Cu3 and Cu2-Cu3-Cu4 angles are in the range of 132°and 133°, which is substantially smaller than the corresponding angle in 1 (145°). Unfortunately, no single crystals of 4 could be obtained.
In contrast to 1, silver complex 2 exhibits a monomeric, dinuclear structure with linear coordination of the coinage metal ions due to the longer and more flexible propylene bridge of ligand L2. 38 Silver complex 2 was treated with CuCl and Au(SMe 2 )Cl to yield complexes 5 and 6, respectively (Scheme 2). As observed for 3 and 4, copper complex 5 is only stable under inert conditions while gold complex 6 is air stable. 1 H NMR spectroscopy confirms the structural similarity of 2 and 5-6 as all spectra exhibit very similar signal patterns Scheme 1 Transmetalation to coinage metals starting from silver complex 1. with the only major difference being the signals assigned to the methylene groups at 6.0 to 6.5 ppm and 3.7 to 4.1 ppm (Fig. 3) . The broader signals in case of 5 indicate a higher flexibility compared to 2 and 6. However, 13 C NMR spectra show a frozen conformation of 5 as solely sharp and defined signals are obtained. The two differing sets of carbene species are observed at 178.50 and 176.56 ppm for 5 and at 185.96 and 182.31 ppm for 6. The monomeric structure in solution was additionally confirmed by ESI-MS measurements of 6 (m/z 903.17). Due to the sensitivity of 5, ESI-MS data could not be collected. In solid state the monomeric structures of 5 and 6 were supported by single crystal X-ray diffraction, confirming the existence of a dinuclear metal-metal core in analogy to 2 (Fig. 4) .
In comparison to the Ag-Ag distance of 2.9986 Å in 2, the Cu-Cu distance in 5 is 2.6582 Å. This finding is in agreement with previous results for the related macrocyclic tetra-NHC system reported by Murphy et al. 22 The Au-Au distance in 6 is 2.9676 Å and comparable to the Ag-Ag distance in 2. Cu-C bonds in complex 5 are in the range of 1.909 to 1.921 Å while the copper ions are coordinated almost linearly with C-Cu-C angles of 177°and 178°. Au-C distances in 6 are in the range of 2.008 to 2.034 Å and again slightly shorter than the comparable bonds in 2. The planes, which are formed by the centered NHC rings are arranged in a nearly parallel fashion but tilted against the metal-metal axis by 74°to 75°for complex 5 and 72°to 73°for complex 6 compared to 71°for complex 2. For all coinage metal complexes similar coordination modes are observed, with the flexibility of the ligand being the structure determining factor. For methylene-bridged ligand L1 tetranuclear structures are formed while propylene-bridged ligand L2 results in monomeric, dinuclear complexes.
Transmetalation to metals of the nickel group
Beside the coinage metals, the group 10 metals are interesting candidates for transmetalation reactions of silver NHC complexes. 26, 39 Using two equivalents of metal halides, the respective group 10 metal complexes were obtained in very good yields (>90%) for methylene-bridged tetra-NHC ligand L1 (Scheme 3 H NMR spectra of copper complex 5, silver complex 2, and gold complex 6 at room temperature.
161.20 and 155.78 ppm for 9, respectively. The monomeric structures in solution of 7-9 were confirmed by ESI mass spectrometry with monocationic fragments of m/z 538.53 (7), 586.59 (8) , and 675.50 (9) . Single crystal X-ray diffraction of complexes 7 and 9 confirmed the monomeric structure also in solid state (Fig. 5) . Complexes 7 and 9 exhibit strongly distorted square planar geometries, which are typical for group 10 metal complexes with non-macrocyclic tetradentate polyNHC ligands. 40 Coordination geometries within fourcoordinated metal complexes can be compared with respect to the metal bond angles using a model by Houser et al. 41 which was recently refined by the group of Kubiak. 42 The resulting τ 4 and τ δ ( ppm) values vary between 0.00 for an ideally square planar coordinated metal and 1.00 for a tetrahedral coordination. For complex 7 the values are determined with 0.23 which is slightly closer to square planar coordination compared to τ 4 and τ δ values for similar Ni II (NCCN) systems (0.28 to 0.30). 43 However, macrocyclic tetra-NHC complexes with group 10 metals feature τ values below 0.10, indicating a nearly ideal square planar coordination geometry. 26 τ values for 9 are calculated to 0.19, being slightly lower than in the case of nickel. Despite our best efforts, single crystals of 8 could not be obtained.
Elongation of the centered alkyl bridge from methylene to propylene causes a significant structural change for silver complexes. 38 However, reacting silver complex 2 with one equivalent of metal halide leads to the formation of square planarcoordinated monomeric complexes for all metals of the nickel group similar to the results obtained with 1 as precursor (Scheme 4 (11), and 703.49 (12) . Single crystal XRD of both 10 and 11 reveal a distorted square planar coordination of the metal, confirming the suggested structure also in solid state (Fig. 6 ). As seen for 7, metal-carbon distances are in the usual range of 1.888 Å to 1.927 Å for nickel complex 10 and 2.019 Å to 2.055 Å for palladium complex 11. 26 Enhanced flexibility in the ligand leads to less distortion of the square planar structure, reflected in the τ 4 and τ δ values of 0.11 for 10 and 0.08 for 11, respectively. This finding contrasts results obtained for the introduction of a centered propylene bridge to an NCCN ligand. τ values of 0.23 to 0.31 still indicate a strongly distorted square planar coordination. 44, 45 Transmetalation to iron (7), C6-Ni1-C14 162.15 (7); (9) (Fig. 8) . The tetra-NHC ligand is coordinated in an equatorial fashion with iron-carbon distances between 1.930 and 1.999 Å, which is comparable to those in literature for macrocyclic tetra-NHC ligands. 26 The phosphine ligands are coordinated in the axial positions with a P1-Fe-P1a angle of 171°and P-Fe distances of around 2.27 Å. τ values could be calculated to 0.13 disregarding the axial phosphine ligands. This value is comparable to iron(II) systems with macrocyclic tetra-NHC ligands. 26 Starting with complex 2, the synthesis of the iron(II) complex 15 was achieved in analogy to complex 13 (Scheme 6). Compared to 13, which shows fluxional behaviour in solution, 15 exhibits an inflexible octahedral coordination of the metal with two cis acetonitrile ligands and a sawhorse-type coordination of the tetra-NHC. Similar to the major species identified by low temperature 1 H NMR spectroscopy of 13, an asymmetric set of signals was observed for 15.
In addition, signals for the two methylene bridges with germinal coupling of 14 Hz and two independent signals for the different terminal methyl groups support a sawhorse-type coordination mode of the NHC ligand within the octahedral iron complex. With m/z 564.63, ESI-MS confirms the formation of a monomeric complex. (Fig. 9) . Iron-carbon bond lengths are in the range of 1.936 to 1.996 Å while the Fe-P1 distance is 2.284 Å and therefore slightly larger than in complex 14. In case of 16, the τ 4 value is calculated to 0.66 while the τ δ value is 0.38.
Both values, within their scales, confirm a classical sawhorse-type coordination of the tetra-NHC ligand for the first time within an octahedral-coordinated metal complex.
Conclusion
The application of two silver complexes with flexible, open chain tetra-NHC ligands as versatile transmetalation agents was examined. A variety of d-block metal complexes has been synthesized and fully characterized. For coinage metals in the oxidation state +I tetranuclear, dimeric (L1) or dinuclear, monomeric complexes (L2) were obtained. Transmetalation to group 10 metals leads to monomeric, distorted square planarcoordinated complexes. Flexibility of the ligand system was demonstrated by formation of octahedrally coordinated iron complexes. For methylene-bridged tetracarbene ligand L1, the iron complex exhibits both sawhorse-type and equatorial coordination by the tetra-NHC with two additional acetonitrile ligands coordinated. In solution these conformers readily interconvert at room temperature, while replacing acetonitrile with PMe 3 freezes the ligand in an equatorial coordination mode with two trans phosphine ligands. On the other hand, propylene-bridged tetracarbene ligand L2 forms a monomeric iron complex with sawhorse-type coordination of the ligand and two cis acetonitrile ligands. An excess of PMe 3 only yields mono-substituted iron complex 16, retaining the sawhorsetype coordination of the ligand and an acetonitrile ligand cis to the phosphine. As shown for other ligand classes before, tetracarbene ligands can be designed according to specific demands; in this case, enhanced flexibility of the ligand leads to the first literature-known metal complex with a tetracarbene ligand coordinating in a sawhorse-type coordination mode with two cis-labile binding sites.
Experimental section
General remarks
All chemicals were purchased from commercial suppliers and used without further purification. Anhydrous acetonitrile and diethyl ether were obtained from an MBraun solvent purification system, degassed by freeze-pump-thaw technique and stored over molecular sieves. All syntheses were performed using standard Schlenk technique if not stated otherwise. Silver complexes 1 and 2 were synthesized according to previously reported procedures. 38 Liquid NMR spectra were recorded on a Bruker Avance DPX 400 and a Bruker DRX 400. Chemical shifts are given in parts per million ( ppm) and the spectra were referenced by using the residual solvent shift as internal standards (acetonitrile- 
Single crystal X-ray diffraction
For crystallization, diethyl ether was slowly diffused into acetonitrile solutions of compounds 3, 5, 6, 7, 9, 10, 11, 14, and 16, respectively. Data was collected on an X-ray single crystal diffractometer equipped with a CCD detector (Bruker APEX II, κ-CCD), a rotating anode (Bruker AXS, FR591) with MoK α radiation (λ = 0.71073 Å) and a Montel optic (3, 7) or a finefocussed sealed tube with MoK α radiation (λ = 0.71073 Å) and a graphite monochromator (5, 6, 9, 10, 11, 14, 16) by using the APEX2 software package. 48 The measurements were performed on a single crystal coated with perfluorinated ether. The crystal was fixed on the top of a glass fiber and transferred to the diffractometer. The crystal was frozen under a stream of cold nitrogen. A matrix scan was used to determine the initial lattice parameters. Reflections were merged and corrected for Lorenz and polarization effects, scan speed, and background using SAINT. 49 Absorption corrections, including odd and even ordered spherical harmonics were performed using SADABS. 49 Space group assignments were based upon systematic absences, E statistics, and successful refinement of the structures. Structures were solved by direct methods with the aid of successive difference Fourier maps, and were refined against all data using SHELXLE 50 in conjunction with SHELXL-2014. 51 Hydrogen atoms were assigned to ideal positions and refined using a riding model with an isotropic thermal parameter 1.2 times that of the attached carbon atom (1.5 times for methyl hydrogen atoms 0 mg, 34.0 µmol) . The colorless mixture is heated to 50°C for 16 h under vigorous stirring and then cooled to room temperature. After addition of 5 mL diethyl ether, the colorless mixture is filtered over Celite and precipitated under vigorous stirring by addition of 20 mL diethyl ether. The colorless precipitate is washed with diethyl ether and dried under vacuum. 12.5 mg of 6 is obtained as colorless solid (11.9 µmol, 70% yield). 1 
